The large subunit of the human U2 small nuclear ribonucleoprotein particle auxiliary factor (hU2AF 65 ) is an essential RNA-splicing factor required for the recognition of the polypyrimidine tract immediately upstream of the 3Ј splice site. In the present study, we determined the solution structures of two hU2AF 65 fragments, corresponding to the first and second RNAbinding domains (RBD1 and RBD2, respectively), by nuclear magnetic resonance spectroscopy. The tertiary structure of RBD2 is similar to that of typical RNAbinding domains with the β1-α1-β2-β3-α2-β4 topology. In contrast, the hU2AF 65 RBD1 structure has unique features: (i) the α1 helix is elongated by one turn toward the C-terminus; (ii) the loop between α1 and β2 (the α1/β2 loop) is much longer and has a defined conformation; (iii) the β2 strand is 188 AVQIN 192 , which was not predicted by sequence alignments; and (iv) the β2/β3 loop is much shorter. Chemical shift perturbation experiments showed that the U2AF-binding RNA fragments interact with the four β-strands of RBD2 whereas, in contrast, they interact with β1, β3 and β4, but not with β2 or the α1/β2 loop, of RBD1. The characteristic α1-β2 structure of the hU2AF 65 RBD1 may interact with other proteins, such as UAP56.
Introduction
Splicing of pre-mRNA is a multistep process mediated by a large RNA-protein complex termed the spliceosome (Moore et al., 1993) . The U1, U2, U5 and U4/U6 small nuclear ribonucleoprotein particles (snRNPs) are the major components of the spliceosome, and consist of small nuclear RNAs and several polypeptides. In addition, several non-snRNP proteins are essential for the initiation of spliceosome assembly. One of the essential splicing factors is the human U2 snRNP auxiliary factor (hU2AF), which binds to the polypyrimidine tract immediately upstream of the 3Ј splice site and is required for the subsequent interaction between the U2 snRNP and the branch point (Ruskin et al., 1988; Zamore et al., 1989) .
Two subunits, hU2AF 65 and hU2AF 35 , constitute hU2AF Zhang et al., 1992) , but only the large subunit, hU2AF 65 , contacts the polypyrimidine tract directly (Zamore et al., 1991 .
The RNA-binding domain (RBD) consists of 80-90 amino acid residues with two well conserved motifs (RNP2 and RNP1) (Burd and Dreyfuss, 1994) , and has been identified in a variety of RNA-binding proteins (Birney et al., 1993) . The hU2AF 65 sequence contains three tandem RBDs following an arginine/serine-rich (RS) domain ( Figure 1 ). All three RBDs are required for high affinity binding of hU2AF 65 to the polypyrimidine tract . The tertiary structures of the RBDs from several different proteins have been determined (Nagai et al., 1990; Wittekind et al., 1992; Lee et al., 1994; Inoue et al., 1997; Shamoo et al., 1997; Xu et al., 1997; Chi et al., 1999; Crowder et al., 1999; Nagata et al., 1999a,b) . These RDBs have a common βαββαβ-type folding topology. The two conserved motifs, RNP2 and RNP1, are located on the central β1 and β3 strands, respectively. The loop between β2 and β3 (the β2/β3 loop) varies significantly in sequence and length (Birney et al., 1993) .
The RBD·RNA complex structures have been determined for three proteins. First, the structures of complexes between the N-terminal RBD of the U1 snRNP A (U1A) and stem-loop RNAs were determined by X-ray crystallography and by nuclear magnetic resonance (NMR) spectroscopy (Oubridge et al., 1994; Allain et al., 1996) . Then, the crystal structure of the U2BЉ RBD·U2AЈ·RNA ternary complex was determined, where the U2BЉ RBD interacts with the stem-loop RNA in a manner similar to the U1A RBD (Price et al., 1998) . Recently, the crystal structure of the complex between the two tandemly arranged RBDs of the Drosophila Sex-lethal (Sxl) protein and the target RNA, which is single stranded and lacks base pairs, was determined (Handa et al., 1999) . The Sxl protein binds to the uridine-rich polypyrimidine tract of the transformer mRNA precursor in competition with U2AF, and regulates the sex-specific alternative splicing (Inoue et al., 1990; Valcárcel et al., 1993) .
In the present study, we determined the solution structures of the first and second RBDs (RBD1 and RBD2, respectively) of hU2AF 65 by NMR spectroscopy. As RBD1 is longer than RBD2 and other RBDs, it had been considered that the β2/β3 loop of RBD1 is unusually long. However, we found in the present study that the previous sequence alignment of hU2AF 65 onto the βαββαβ fold was incorrect; the β2 strand of RBD1 was identified as 188 AVQIN 192 . Correspondingly, the β2/β3 loop of RBD1 is unusually short, with only four residues. In contrast, the α1 helix of the hU2AF 65 RBD1 is elongated by one turn as compared with other RBDs, and the loop between the α1 helix and the β2 strand (the α1/β2 loop) consists of as many as 12 residues. This characteristic α1-β2 structure may be involved in the interaction with the 56 kDa U2AF-associated protein (UAP56), a DEAD-box splicing factor (Fleckner et al., 1997) .
Results and discussion
Structure determination of the hU2AF 65 RBD1 and RBD2 First, we measured the two-dimensional (2D) total correlation spectroscopy (TOCSY), 2D double quantum filtered correlation spectroscopy (DQF-COSY) and 2D nuclear Overhauser effect spectroscopy (NOESY) spectra of the non-labeled RBD1 and RBD2 proteins. We also measured the 2D 1 H-15 N heteronuclear single quantum coherence (HSQC), three-dimensional (3D) 15 N-edited TOCSY-HSQC and 3D 15 N-edited NOESY-HSQC spectra of the 15 N-labeled proteins. Figure 2A shows the 2D 1 H-15 N HSQC spectra of RBD1 and RBD2. Using these spectra, we elucidated the amino acid types of the amide protons. Then, we achieved the sequence-specific resonance assignment by tracing the d NN and d Nα connectivities. Figure 2B shows the sequential and middle-range nuclear Overhauser effects (NOEs), the { 1 H}-15 N NOE values and the 3 J HNHα coupling constants. The topology of the secondary structure elements, the four β-strands and the two α-helices, was determined with the middle and long-range NOEs for both RBD1 and RBD2. The inter-residue NOE network that forms the antiparallel β-sheet structure is shown in Figure 2C . The three-dimensional structures of RBD1 and RBD2 were determined from a total of 1039 and 1211 experimental restraints, respectively. A summary of the NMR-derived experimental constraints and the structural statistics of the 20 final simulated annealing structures for RBD1 and RBD2 are shown in Table I . These structures satisfy the distance restraints, and have no violations greater than 0.50 Å and no dihedral violations greater than 5.0°. The 20 RBD1 structures were superimposed with respect to the backbone atoms (N, C α and CЈ) of residues 150-175, 186-192, 197-203 and 207-227 , and the 20 RBD2 structures were superimposed with respect to those of residues 260-266, 272-291, 302-320 and 331-334 ( Figure 3) ; the 20 structures were averaged and restrained-minimized to a mean structure. The average H}-15 N NOE values are represented by the block height. 'P' indicates a proline residue, 'n' indicates a residue that was not assigned, '#' indicates a residue whose signal was overlapped and whose NOE value was not determined, and ' §' indicates a residue whose signal was too broad to determine the NOE value. Downward and upward pointing arrows indicate 3 J HNHα Ͻ5 Hz and 3 J HNHα Ͼ8 Hz, respectively, as measured by 3D HNHA spectra. The identified secondary structure elements are indicated. (C) A schematic representation of the antiparallel β-sheet structures of the hU2AF 65 RBD1 and RBD2. Head-to-head arrows indicate the observed interresidual NOEs. The circles indicate the amide protons protected from 2 H 2 O exchange.
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root mean square deviations of the backbone atoms of these elements are 0.36 Ϯ 0.08 Å for RBD1 and 0.33 Ϯ 0.06 Å for RBD2. The mean structures have been submitted to the Brookhaven Protein Data Bank (accession codes 1u2f and 2u2f for RBD1 and RBD2, respectively).
The secondary structure elements of the hU2AF 65 RBD1 and RBD2 The hU2AF 65 RBD1 and RBD2 have the βαββαβ fold, similar to other characterized RBD structures (Nagai et al., 1990; Wittekind et al., 1992; Lee et al., 1994; Inoue et al., 1997; Shamoo et al., 1997; Xu et al., 1997; Chi et al., 1999; Crowder et al., 1999; Nagata et al., 1999a,b) . The arrangement of the secondary structure elements in the hU2AF 65 RBD2 is similar to that in canonical RBDs; the present sequence alignment based on the secondary structure elements of RBD2 ( Figures 2B and 4A ) agrees with that proposed previously (Birney et al., 1993) . On the other hand, for the hU2AF 65 RBD1, the β2 strand had been assigned to Gly177-Ala181, and the loop between the β2 and β3 strands (the β2/β3 loop) had been considered to be unusually long (15 residues) (Birney et al., 1993) . This sequence alignment seemed reasonable, as the β2/ β3 loop varies in length and sequence even among typical RBDs, much more significantly than other secondary structure elements (Birney et al., 1993) . However, the β2/ β3 loop of the hU2AF 65 RBD1 actually comprises only four residues ( Figures 2B and 4A) . Instead, the α1/β2 loop has as many as 12 residues, while the α1/β2 loop is five residues long in most RBDs ( Figure 4A ). Thus, the β2 strand was identified to be from Ala188 to Asn192 (Figures 2B and C, and 4A) , which are posterior, by 11 amino acid residues, to the positions previously proposed in the hU2AF 65 RBD1 sequence.
The tertiary structures of the hU2AF 65 RBD1 and RBD2 Thus, the tertiary structure of the hU2AF 65 RBD1 was found to be distinct from those of the canonical RBDs. We discuss below the structures of the hU2AF 65 RBD1 and RBD2 in comparison with the U1A RBD1 (Nagai et al., 1990) and the Sxl RBD2 (Lee et al., 1994 , Chi et al., 1999 Crowder et al., 1999) . Figure 4A shows the amino acid sequences and the secondary structure elements 260-266, 186-192, 272-291, 197-203, 302-320, 207-227 331-334 〈SA〉 vs SA Backbone All non-H Backbone All non-H 0.36 Ϯ 0.08 0.87 Ϯ 0.14 0.33 Ϯ 0.06 0.68 Ϯ 0.04
Ramachandran statistics of (SA)r structure Percentage residues in most favored regions 57.3 65.3 additional allowed regions 36.0 31.9 generously allowed regions 6.7 2.8 disallowed regions 0.0 0.0 〈SA〉 refers to the final 20 simulated annealing structures; SA is the mean structure obtained by averaging the coordinates of the 20 individual SA structures; 〈SA〉r is the restrained minimized mean structure obtained by restrained regularization of the mean structure SA. Analysis of the Ramachandran plot was performed by PROCHECK-NMR program (Laskowski et al., 1996) .
of several RBDs, and Figure 4B shows ribbon models of the hU2AF 65 RBD1 and RBD2, the U1A RBD1 and the Sxl RBD2.
The hU2AF 65 RBD1. First, the α1 helix of the hU2AF 65 RBD1 is one turn longer at the C-terminus ( Figure 4A ), on the basis of the spatial location ( Figure 4B ), although the α1 helices of canonical RBDs, such as the hU2AF 65 RBD2 and the Sxl RBD1 and RBD2, consist of 10 residues. The loop between the α1 helix and the β2 loop is the most characteristic structure in the hU2AF 65 RBD1.
In the other RBDs in Figure 4 , the α1/β2 loop contains five residues, including a well conserved aromatic-Gly sequence required for the hydrophobic interaction between the α1 and α2 helices. However, in the hU2AF 65 RBD1, an exceptionally long loop, consisting of 12 residues, exists between the α1 helix and the β2 strand, and lacks an aromatic-Gly sequence. Instead, around the α1/β2 loop of the hU2AF 65 RBD1, there is a more extensive hydrophobic core ( Figure 5 ). First, the hydrophobic side chains of Met173, Leu178, Thr179 and Pro185 are located on the inner side of the α1/β2 loop. In addition, Val205 from the β3/α2 loop participates in this hydrophobic interaction, which determines the orientation of the α1 and α2 helices. On the other hand, the hydrophilic side chains of Arg174, Gln180 and Asn184 are exposed to the solvent. As a result, the β2 strand in the hU2AF 65 RBD1 consists of 188 AVQIN 192 , which had not been identified from simple sequence alignment approaches. In the precise alignment determined in this study, the β2 strand structure of the hU2AF 65 RBD1 shares a common feature with that of many RBDs. The hydrophobic side chains in the second and fourth positions of the β2 strand (Val189 and Ile191 in the hU2AF 65 RBD1, for example) are buried inside the protein, while the side chains in the first, third and fifth positions of the β2 strand (Ala188, Gln190 and Asn192 in the hU2AF 65 RBD1) are exposed on the β-sheet surface to the solvent. The β2 strand is followed by the short β2/ β3 loop, consisting of only four amino acid residues, 193 QDKN 196 . The β2/β3 loop is usually rich in basic amino acid residues, while there is one Lys residue in the short loop of the hU2AF 65 RBD1. The β3/α2 loop of the hU2AF 65 RBD1 has a different conformation from those of the other RBDs. First, the β3/α2 loop of the hU2AF 65 RBD1 is composed of five amino acid residues ( Figure  4A ). Secondly, Val205 in the β3/α2 loop participates in the hydrophobic interaction with residues such as Pro185 in the characteristically elongated α1/β2 loop, as discussed above. As Figure 4 shows, the α2 helix in the hU2AF 65 RBD1 is shorter than those in the other RBDs. The α2 helix in the hU2AF 65 RBD1 is composed of nine residues, while the other RBDs are composed of 10 or 11 residues. Therefore, the α2 helix in the hU2AF 65 RBD1 is a half turn shorter than the others at the N-terminus.
The hU2AF 65 RBD2. The tertiary structure of the hU2AF 65 RBD2 is almost the same as that of the Sxl RBD2 ( Figure  4 ). The residues that form the hydrophobic core are well conserved in the hU2AF 65 RBD2. One exceptional feature of the hU2AF 65 RBD2 is the presence of a Leu residue at position 279 in the α1 helix, corresponding to a highly conserved aromatic residue (e.g. Phe34 in the U1A RBD1). However, Leu279 plays a role similar to that of the aromatic residues in the other RBDs, and participates in the hydrophobic core. The β2/β3 and α2/β4 loops in the hU2AF 65 RBD2 appear to be more flexible, which is supported by the { 1 H}-15 N NOE values of~0.6 in these loops ( Figure 2B ). In summary, the tertiary structure of the hU2AF 65 RBD1 differs from those of the hU2AF 65 RBD2, the U1A RBD1 and the Sxl RBD2, particularly in the region from the α1 helix to the β2/β3 loop, while the β-sheet structure with the RNP1 and RNP2 consensus motifs is well conserved among the four RBDs.
Sequence conservation among U2AFs
Homologs of hU2AF 65 have already been cloned from several eukaryotes, such as mouse (Sailer et al., 1992) , Fig. 3 . The solution structures of the hU2AF 65 RBD1 and RBD2. The 20 backbone structures are shown in stereoviews, which were superimposed for minimal root mean square deviation of the backbone atoms (N, C α and CЈ) of residues [186] [187] [188] [189] [190] [191] [192] [197] [198] [199] [200] [201] [202] [203] [272] [273] [274] [275] [276] [277] [278] [279] [280] [281] [282] [283] [284] [285] [286] [287] [288] [289] [290] [291] [302] [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] [319] [320] in RBD2. The figures were generated with MidasPlus (Ferrin et al., 1988) .
Drosophila (Kanaar et al., 1993) , Caenorhabditis elegans, Caenorhabdits briggsae (Zorio et al., 1997) and Schizosaccharomyces pombe (Potashkin et al., 1993) . Except for the S.pombe U2AF, the entire amino acid sequences of the RBD1 and RBD2 domains are highly homologous ( Figure 6 ). The identity is particularly high for the amino acid residues forming the hydrophobic cores, which have been found here for the hU2AF 65 RBDs, shown in red in Figure 6 . Furthermore, the amino acid residues of the α1-β2-β3 region of RBD1 are very well conserved among the five U2AFs, and therefore form the characteristic structure, as shown in Figure 5 . On the other hand, in the case of the S.pombe U2AF, the hydrophobic core residues are well conserved in RBD2, but are appreciably less conserved in RBD1 (Figure 6 ). Therefore, it 4527 would be interesting to test experimentally whether the characteristic α1-β2-β3 structure is also present in the S.pombe U2AF RBD1.
Chemical shift perturbation experiments of the hU2AF 65 RBD1 and RBD2 with target RNAs We performed chemical shift perturbation experiments for RBD1 and RBD2 with three RNA sequences:U 5 C 3 U 5 , ACUCU 4 CACAUAG and A 15 . The U 5 C 3 U 5 sequence had been found by SELEX searching for RNAs that bind to the full-length hU2AF 65 (Singh et al., 1995) . On the other hand, the ACUCU 4 CACAUAG sequence is the femalespecific 3Ј splice site of the transformer pre-mRNA in Drosophila, which is known as a typical U2AF-binding site (Valcárcel et al., 1993) . The A 15 sequence is a control , U1A (Sillekens et al., 1987) , Sxl (Bell et al., 1988) and hnRNP C (Burd et al., 1989) . The secondary structure elements are underlined. The RNP2 and RNP1 sequences are double underlined. (B) Ribbon models of the hU2AF 65 RBD1 and RBD2 in comparison with those of the U1A RBD1 and the Sxl RBD2. On the models, the α1/β2 loops of the proteins are shown in cyan and the β2/β3 loops in blue. This figure and Figures 5, 7G and 8 were generated with MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt et al., 1997). sequence with no pyrimidine residue. The chemical shift differences between the hU2AF 65 RBD (RBD1 or RBD2) alone and the 1:1 mixture of RBD and RNA are summar-4528 ized in Figure 7A -F. The A 15 sequence actually has very small effects on the chemical shifts of RBD1 and RBD2 ( Figure 7C and 7F) . In contrast, the chemical shift perturb-ations with the target RNAs, U 5 C 3 U 5 ( Figure 7A and D) and ACUCU 4 CACAUAG ( Figure 7B and E) , are much larger than those with A 15 . Therefore, these RBD fragments are capable of sequence-specific RNA binding. Upon addition of the target RNA, a number of peaks on the 2D 1 H-15 N HSQC spectra shifted as the molar ratio of the RNA increased, indicating that the exchange between the free and RNA-bound states was fast on the NMR time scale. The exceptions are the resonances of RBD2 residues 336, 338 and 339 which broadened in the presence of ACUCU 4 CACAUAG (intermediate exchange). Relatively fast exchange between RBD and RNA has also been observed for other RBDs (Lee et al., 1997; Chi et al., 1999) .
Curve-fitting analysis was done for the amide 1 H-15 N chemical shifts of Val153, Gly154, Leu200, Phe202, Ile226 and Arg228 of RBD1 and Leu261, Phe262, Val291, Gly301, Tyr307 and Arg334 of RBD2, at the RNA/RBD molar ratios of 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0. Thus, the dissociation constants of the complexes with U 5 C 3 U 5 and , mouse (Sailer et al., 1992) , Drosophila (Kanaar et al., 1993) , C.elegans (Zorio et al., 1997) , C.briggsae (Zorio et al., 1997) and S.pombe (Potashkin et al., 1993) . The residues that are identical to those of hU2AF 65 are indicated in bold. The residues whose side chains are buried inside the protein in the hU2AF 65 RBD1 and RBD2 are colored in red, and the corresponding residues of the other species are outlined in red. The secondary structure elements are shown at the bottom.
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ACUCU 4 CACAUAG were determined to be 0.7 Ϯ 0.2 mM and 1.1 Ϯ 0.4 mM, respectively, for RBD1 and 0.2 Ϯ 0.05 mM and 0.3 Ϯ 0.08 mM, respectively, for RBD2, as well as the chemical shift values of those amino acid residues in the RNA-bound state. The chemical shift difference data with the non-cognate RNA, A 15 , were not large enough to determine the dissociation constants quantitatively. Intriguingly, the SELEX-derived U 5 C 3 U 5 sequence binds more tightly than the natural ACUCU 4 C-ACAUAG sequence to both RBD1 and RBD2. On the other hand, both of the RNAs bind more tightly to RBD2 than to RBD1. In the condition of the 1:1 mixture of RBD and RNA (as in Figure 7A-F Figure 7G ). The patterns of the chemical shift perturbations with the two distinct target RNAs, U 5 C 3 U 5 and ACUCU 4 CACAUAG, are remarkably similar to each other. This result is consistent with the results of a previous gel-shift assay showing that the hU2AF 65 RBD1 and RBD2-RBD3 fragments, in their isolated states, are capable of binding to three types of polypyrimidine tract RNAs, though less strongly than the three-domain fragment .
In all four cases ( Figure 7G ), the chemical shift perturbations were much larger for the β-sheet than for the α-helices, which was also the case for the other RBDs of the heterogeneous nuclear ribonucleoprotein (hnRNP) C and the Sxl protein (Lee et al., 1997; Chi et al., 1999) . In the crystal structures of the U1A RBD1·RNA complex (Oubridge et al., 1994) and the Sxl RBD1-RBD2·RNA complex (Handa et al., 1999) , five and three nucleotide residues are bound on and around the β-sheet of the U1A RBD1 and the Sxl RBD2, respectively. The central three base-binding sites of the U1A RBD1 correspond spatially to the three sites of the Sxl RBD2: the first site between the β1/α1 and β2/β3 loops, the second site on the aromatic ring at the second position of the RNP2 motif located in the β1 strand and the third site on the aromatic ring at the fifth position of the RNP1 motif located in the β3 strand. The amino acid sequences of the hU2AF 65 RBD1 and RBD2 are consistent with the structural properties of these three base-binding sites. Therefore, it is possible that the hU2AF 65 RBD1 and RBD2 each possess three base-binding sites (Figure  8 ), corresponding to those conserved in the U1A RBD1 and the Sxl RBD2. This hypothesis is consistent with the chemical shift perturbations by RNA binding of the hU2AF 65 RBD1 and RBD2. In addition, the resonances from the C-terminal region following the β4 strand are significantly affected in both RBD1 and RBD2, suggesting that this C-terminal region interacts strongly with the RNA. In fact, the corresponding C-terminal region of the U1A RBD1 interacts with RNA (Oubridge et al., 1994) .
Further comparisons of the chemical shift perturbation patterns between the hU2AF 65 RBD1 and RBD2 indicate that the RNA interaction modes of these two RBDs are not the same. As for RBD1, the β1 strand exhibited the largest perturbations upon specific interactions with RNAs ( Figure 7A and B) . The next largest perturbations were observed for the β3 and β4 strands and the C-terminal 4531 region, which follows the β4 strand. The resonances from the β2 strand, the α2 helix and the β1/α1 loop were slightly perturbed, and those of the α1 helix, and the α1/ β2, β3/α2 and α2/β4 loops were only negligibly affected. On the other hand, in the specific interactions of RBD2 with RNAs, the resonances from all four β strands were significantly perturbed, and those from the C-terminal region were especially affected. The resonances of the two α-helices and the loops around these helices were only slightly affected. Therefore, the major differences in the perturbation patterns between RBD1 and RBD2 occur in the C-terminal region and the β2 strand. The interaction of the C-terminal region with RNA appears to be much stronger in RBD2 than in RBD1. These remarkably large chemical shift perturbations of the C-terminal region of RBD2 suggest that a main chain amide or carbonyl group forms a hydrogen bond with the RNA, as in the U1A RBD1·RNA complex (Oubridge et al., 1994) . The interaction of the β2 strand of RBD2 with the RNA is probably as significant as those of the other three β-strands, while the β2 strand of RBD1 does not seem to be very involved in the RNA interaction.
Although the structure around the β2 strand of RBD1, including the unusually long, well structured α1/β2 loop, is characteristically well conserved among U2AFs, the α1/β2 loop of the hU2AF 65 RBD1 is not involved in RNA binding, as indicated by the present chemical shift perturbation experiments. Therefore, the presence of the long α1/β2 loop around the β2 strand of RBD1 might affect its interaction with RNA. On the other hand, the conserved α1/β2 loop of the hU2AF 65 RBD1 might have some role in steps other than target RNA binding, such as protein-protein interactions, in the splicing reaction. Fleckner et al. (1997) showed that residues 138-183, including the β1 strand to the α1/β2 loop, of the hU2AF 65 RBD1 are important for the overall U2AF function, but not for the RNA binding, and are crucial for the interaction with the 56 kDa U2AF associated protein (UAP56), a DEAD-box splicing factor also involved in U2 snRNP recruitment. It seems that the α1/β2 loop, with its strikingly long and defined conformation, and/or the C-terminally extended α1 helix of the hU2AF 65 RBD1 are good candidates for sites of interaction with UAP56.
Materials and methods
Preparation of RBD1 and RBD2 of hU2AF 65 For the structural analyses, we constructed overproduction systems using the cDNAs encoding the residues Ala148-Gly237 for RBD1 and residues Ala258-Ala342 for RBD2. These proteins were expressed in Escherichia coli BL21 (DE3) by the protein expression vector pK7 (Kigawa et al., 1995) . LB broth was used for the non-labeled proteins, while a modified minimal medium (15 g/l Na 2 HPO 4 , 6 g/l KH 2 PO 4 and 5 g/l NaCl) containing 1 g/l 15 NH 4 Cl, 4 g/l glucose, 20 mg/l thiamine, 1 g/l MgSO 4 , 25 mg/l kanamycin and metals [100 mg/l FeSO 4 , 1 mg/l CuSO 4 , 0.5 mg/l MnSO 4 , 2 mg/l CaCl 2 , 0.22 mg/l Na 2 B 4 O 7 , 0.1 mg/l (NH 4 ) 6 Mo 7 O 24 , 2.2 mg/l ZnSO 4 and 0.6 mg/l CoCl 2 ] was used for the 15 N-labeled proteins. In the case of the modified minimal medium, expression was induced with isopropyl-β-D-thiogalactopyranoside when the cells reached an A 600 of 0.8. After 24 h of cultivation, the cells were harvested. After cell lysis by sonication and centrifugation to remove the cellular debris, the supernatant was applied to a DEAE-Sephacel (Pharmacia) anion exchange column. The proteins were eluted with a concentration gradient of sodium chloride up to 500 mM. Then, in the case of RBD1, we purified the protein with a butyl-Toyopearl (Tosoh, Japan) hydrophobic column with a reverse concentration gradient of ammonium sulfate from 800 to 0 mM. An FPLC Mono-Q anion exchange column (Pharmacia) was used for the final step of purification. In the case of RBD2, after DEAE-Sephacel column chromatography, the protein was purified by CM-Toyopearl (Tosoh, Japan) cation exchange column chromatography with a concentration gradient of ammonium formate up to 500 mM. Finally, FPLC Mono-S cation exchange column (Pharmacia) chromatography was performed. Each preparation yielded 5-20 mg protein/l of culture. These polypeptides were soluble and sufficiently stable for NMR structure determinations.
NMR measurements
NMR spectra were measured with Bruker DMX500 and DRX600 spectrometers at a probe temperature of 298 K. The NMR samples were prepared in 100 mM sodium phosphate buffer (pH 7.5 for RBD1 and pH 6.5 for RBD2) containing either 10 or 100% 2 H 2 O. In the homonuclear 2D proton NMR measurements, the water suppression was performed by selective pre-irradiation. In the TOCSY experiments Davis and Bax, 1985) , an MLEV17 pulse train of 45 ms was used for isotropic mixing. In the NOESY experiments (Jeener et al., 1979) , mixing times were in the range of 30-150 ms. All of the homonuclear 2D proton spectra were measured by the States-TPPI method, with 2048 data points in the t 2 domain. In the t 1 domain, 256 increments in the NOESY and TOCSY experiments and 400 increments in the DQF-COSY experiment (Rance et al., 1983) were performed. The 2D 1 H-15 N HSQC spectra (Bodenhausen et al., 1980) were measured by the States-TPPI method, with 1024 data points in the t 2 ( 1 H) domain and 256 increments in the t 1 ( 15 N) domain. The 3D 15 N-edited TOCSY-HSQC experiment and the 3D 15 N-edited NOESY-HSQC experiment (Marion et al., 1989a,b) were conducted by the States-TPPI method, with 512 data points in the t 3 ( 1 H) domain, 64 increments in the t 2 ( 1 H) domain and 32 increments in the t 1 ( 15 N) domain. In the 3D 15 N-edited NOESY-HSQC experiment, a 150 ms mixing time was used. In the 3D 15 N-edited TOCSY-HSQC experiment, a DIPSI-2rc pulse train of 47 ms was used (Cavanagh and Rance, 1992) . The 3D HNHA experiments (Vuister et al., 1993) were performed by the States-TPPI method, with 1024 data points in the t 3 ( 1 H) domain, 32 increments in the t 2 ( 1 H) 4532 domain and 14 increments in the t 1 ( 15 N) domain. The 2D { 1 H}-15 N NOE spectra (Grzesiek and Bax, 1993) were measured by the States-TPPI method, with 1024 data points in the t 2 ( 1 H) domain and 128 increments in the t 1 ( 15 N) domain. The NMR data were processed using the NMRpipe system (Delaglio et al., 1995) . The NMRView software package (Johnson et al., 1994) was used to analyze the processed spectra.
Distance restraints
Interproton distance restraints were obtained from the 2D NOESY and 3D 15 N-edited NOESY-HSQC spectra. The distance restraints were calculated as kI -1/6 , where I is the peak intensity. The constant k was calibrated so that the peak intensity of the strong NOE between C α H and C α H in the antiparallel β-sheet corresponded to a 2.3 Å distance. The assigned NOEs were classified into upper bound distance restraints of 2.5, 3.5 and 5.0 Å. The lower bounds for the interproton distance restraints were set to the sum of the van der Waals radii of two protons, 1.8 Å. Distances involving methyl protons, aromatic ring protons and non-stereospecifically assigned methylene protons were corrected appropriately for center averaging . In addition, 0.5 Å was added to the upper limits for distances involving methyl protons (Clore et al., 1987) .
Dihedral angle restraints and stereospecific assignments
Stereospecific assignments of the β-methylene protons, the φ angle restraints of Gly159 and the χ 1 and χ 2 angle restraints were obtained from the TOCSY, NOESY and rotating frame Overhauser effect spectroscopy (ROESY) (Bothner-By et al., 1984; Griesinger and Ernst, 1987 ) spectra using short mixing times. The other φ angle restraints were based on 3 J HNHα Ͼ8 Hz or Ͻ5 Hz, as measured from the 3D HNHA spectra.
Hydrogen bond restraints
The amide protons that exchanged at slow rates with the solvent protons were identified by the NOESY and TOCSY spectra in the 2 H 2 O solution. Hydrogen bond restraints within the secondary structure elements were included in the set of distance restraints. The upper and lower limits of the constraints for N-O were 3.5 and 2.5 Å respectively, and those for HN-O were 2.5 and 1.5 Å, respectively (Clore et al., 1991) .
Structure calculations
All calculations were carried out using the simulated annealing protocol (Nilges et al., 1988; Nilges, 1993) with X-PLOR version 3.1 (Brünger, 1993) . In the case of RBD1, the final structure calculation was based on 1039 restraints: 943 interproton distance restraints (549 inter-residue and 394 intra-residue restraints), 18 distance restraints for backbone hydrogen bonds and 78 dihedral angle restraints (35 φ, 42 χ 1 and one χ 2 angle). All structure calculations were performed on an O2 workstation (Silicon Graphics). A total of 200 calculations were carried out on the NMR-derived distance information. We selected 20 out of 107 converged structures, based on the criteria of the smallest residual energy values of the distance restraints, the dihedral angle restraints and the van der Waals repulsion. There were no distance restraints violated by Ͼ 0.5 Å and no dihedral angle restraints violated by Ͼ5°in any structure. In the case of RBD2, the final structure calculation was based on 1211 restraints: 1105 interproton distance restraints (679 inter-residue and 426 intraresidue restraints), 26 distance restraints for backbone hydrogen bonds and 80 dihedral angle restraints (31 φ, 47 χ 1 and two χ 2 angles). Without the restraints, all processes were the same as for the calculation of RBD1, and we selected 20 out of 127 converged structures of RBD2.
Preparation of RNAs
Each oligonucleotide was synthesized on a DNA/RNA synthesizer on a 1 μM scale. The final dimethoxytrityl group was removed. Deprotection was performed with methylamine (MA) and anhydrous triethylamine/ hydrogen fluoride in N-methylpyrrolidinone (TEA·HF/NMP) as described by Wincott et al. (1995) . Deprotected samples were purified by 20% polyacrylamide gel electrophoresis (PAGE). After PAGE, the band was located by UV shadowing, excised and eluted with H 2 O at 37°C for 2 days. The purified oligonucleotide was desalted by a Sep-Pak cartridge (Waters). The eluted sample was evaporated and then checked by UV spectroscopy.
Chemical shift perturbation experiment
The oligonucleotide was dissolved in 10 μl of H 2 O to a concentration of 16 mM. The protein concentration was 0.8 mM in 200 μl of buffer. The oligonucleotide solution (2 μl) was added to the protein sample. For each ratio, the 2D 1 H-15 N HSQC spectrum was measured. These steps were repeated until an RNA-protein ratio of 1:1 was achieved.
